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Method and apparatus for the recovery of metal catalysts 

This invention relates to the oxo process and, in 
particular, to the catalyst cycle of the oxo process. 
That is, it relates to a method for removing metal- 
containing catalyst residues , for example, cobalt- 
containing residues, from crude oxo products and 
5 recovering therefrom catalyst residues in a form suitable 
for recycle to the oxo reaction. 

Oxo reactions (also referred to as hydrof ormylation 
reactions) involve the preparation of oxygenated organic 
compounds by the reaction of a carbon monoxide and 
10 hydrogen mixture ("syn gas") with carbon compounds 
containing olefinic unsaturation * The reaction is 
performed in the presence of a carbonylation catalyst and 
results in the formation of a compound, for example, an 
aldehyde, which has one more carbon atom in its molecular 
15 structure than the starting olefinic feedstock. By way 
of example, higher alcohols may be produced in the oxo 
process by hydrof ormylation of commercial C 6 -C 12 olefin 
fractions to an aldehyde-containing oxonation product, 
which on hydrogenation yields c 7 ^ c 1 2 alcohols - The crude 
20 product of the hydrof ormylation reaction will contain 

catalyst, aldehydes, alcohols, unreacted feedstock, syn 
gas and by-products. 

Before further processing of the crude product is 
possible, it is necessary to remove the catalyst there- 
25 from. One conventional method of removing cobalt values 
(that is, cobalt in any one of its possible oxidation 
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states) from such a crude product is to treat the product 
with an alkali or acid wash technique; however, this 
uses expensive raw materials and, moreover, it is 
difficult to remove essentially all traces of cobalt from 
5 the water wash streams before those may be discharged 
into water courses. Another such conventional method 
involves the oxidation of the cobalt catalytic species 
followed by extraction as a salt in aqueous solution. 

US Patent No. 3725534 proposes a method for recovery 

10 of cobalt values from crude oxo product in which, after 
separation from unreacted gases, the oxo product 
containing substantially all the cobalt values in the 
form of dissolved cobalt compounds is mixed with an 
acidic solution, the cobalt materials being converted to 

15 water-soluble salts of the acid. After it has been 
combined with a promoter, for example, an alkali or 
alkaline earth metal salt of a weak acid, the separated 
aqueous phase is introduced into a preformer containing a 
preforming catalyst, for example, a noble metal catalyst . 

20 The amount of the promotor is so selected that 

substantially complete carbonylation of the cobaltous 
ions present is achieved. The effluent is then prefer- 
ably treated with a strong mineral acid to convert 
complex cobalt car bony 1 compounds to volatile hydrocobalt 

25 carbonyl, which is stripped out of the acidified 

effluent by an inert gas, absorbed in an organic solvent 
and fed to the oxonation reactor. Although it is stated 
that the complex carbonyl compounds may be recycled 
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direct to the oxo reactor without prior acid treatment, 
that is for practical reasons undesirable as they are 
inactive as oxonation catalysts and they introduce 
undesirable impurities, which could interfere with the 
5 oxo reaction, possibly leading to plugging of the 
reactor . 

It is known to remove volatile cobalt compounds from 
crude hydrof ormylation reaction products by stripping 
them out with a countercurrent of syn gas. The cobalt 
10 contained in the crude product is in the form of complex 
compounds of cobalt with carbon monoxide, known as cobalt 
carbonyls, which are either formed during the principal 
reaction from the cobalt metal or compound introduced 
into the hydrof ormylation reactor, or which are intro- 
15 duced into the reactor direct in the form of carbonyls. 
Those cobalt carbonyls are readily soluble in organic 
liquids (such as the organic products of the oxo process) 
when in the form, for example, of the highly volatile 
hydrocobalt carbonyl (HCo[CO] 4 ), or in the form of 
20 dicobalt octacarbonyl Co 2 (CO) g which has a low 

volatility; however, the exact species of the cobalt 
complex in the crude product depends to a large extent 
upon the temperature and pressure conditions obtaining. 
For example, in the presence of hydrogen, dicobaltocta- 
25 carbonyl (which is solid at room temperature ) reaches an 
equilibrium with hydrocobalt carbonyl (which is highly 
volatile at room temperature) the concentration of 
dicobalt octacarbonyl being low at high temperatures and 
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high hydrogen partial pressures. At high temperatures 
and low carbon monoxide partial pressures, however, both 
of those carbonyls decompose with precipitation of cobalt 
or cobalt oxide. Hitherto known stripping techniques 
5 have in general had to take account of the equilibria 

established in the cobalt/carbon monoxide complex system, 
and accordingly gas stripping techniques using specified 
conditions have been necessary. 

In U.S. Patent No. 4625067, there is disclosed a 
10 method of removing cobalt values from the crude product 
of a cobalt-catalysed hydrof ormylation reaction by 
contacting the crude product with a stream of stripping 
gas to entrain volatile cobalt compounds, said contacting 
being performed in the presence of water or aqueous acid 
15 to dissolve those cobalt values not entrained in the gas 
under the conditions of temperature and pressure employed 
for said contacting, and the aqueous phase subsequently 
being separated from the organic hydrof ormylation 
reaction product. The separated cobalt-containing 
20 aqueous phase is concentrated in a flash unit, and the 
concentrate recycled to the oxo reactor. Optionally, 
however, the concentrate is, instead of being recycled to 
the reactor, passed to a preformer unit, where it is 
mixed with fresh cobalt, and volatile cobalt carbonyls 
25 are removed by means of a flow of gas, preferably syn 

gas, injected into the unit. Those cobalt carbonyls are 
carried by the gas to the oxo reactor. 

The present invention provides a method of recovery 
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of cobalt values from a cobalt-containing aqueous phase, 
comprising contacting the aqueous phase, in the presence 
of syn gas, with a solid catalyst that is suitable for 
catalysing carbonylation of cobalt ions and with an 
5 organic solvent in which hydrocobaltcarbonyl and 

dicobalt octacarbonyl are soluble, the said solvent being 
substantially immiscible with water and being present in 
an amount of not less than 20% by volume, based on the 
combined volume of the organic solvent and the aqueous 
10 phase to be contacted with the solid catalyst, and 

recovering from the aqueous phase and organic liquid 
phase so obtained volatile cobalt carbonyl compounds for 
use as hydroformylation catalysts. 

(For the sake of clarity, organic phases that are in 
15 liquid form are referred to throughout the specification 
as "organic liquid phases". It will be appreciated that 
the aqueous phases referred to herein are all in the 
liquid phase. ) 

Preferably, the aqueous phase and the organic liquid 
20 phase are treated in a stripping step in which the said 
phases are contacted with a stripping gas, volatile 
cobalt compounds being entrained in the stripping gas. 

Advantageously, the aqueous phase and the organic 
liquid phase are combined with fresh oxo product from an 
25 oxo reactor before they are contacted with the stripping 
gas. 

The invention further provides a method for recovery 
of cobalt values from the crude product of a cobalt- 



6 

catalysed oxo reaction, the crude oxo product containing 
cobalt compounds in addition to an organic oxo product, 
the method comprising 

treating the crude oxo product to remove 
volatile cobalt compounds; 

contacting the crude oxo product with an 
aqueous phase of pH not greater than 7 to form an aqueous 
phase containing cobalt values; and 

contacting the aqueous phase so obtained, in 
the presence of syn gas, with a solid catalyst that is 
suitable for catalysing carbonylation of cobalt ions and 
with an organic solvent for hydrocobalt carbonyl and 
dicobaltoctacarbonyl , the said solvent being 
substantially immiscible with water, to obtain cobalt- 
containing aqueous and organic liquid phases and a 
cobalt-containing gas phase. 

By contacting a cobalt-containing aqueous phase in 
the presence of syn gas, with a catalyst for carbonyla- 
tion of cobalt ions and with an organic solvent for 
hydrocobalt carbonyl and dicobaltoctacarbonyl, it is 
possible for cobalt to be recovered for recycling to the 
oxo reactor within a substantially closed cycle, that is, 
with little or no loss of cobalt from the system and with 
the generation of reduced amounts of waste water in com- 
parison with, for example, the process of US Patent 
Specification No. 3725534. 

It will be appreciated that the defined cobalt 
recovery method may be employed as a process step in an 
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oxo process comprising hydrof ormylating an olefinic 
feedstock with syn gas in the presence of a cobalt- 
containing catalyst to form a product mixture containing 
higher aldehyde , alcohol, unreacted feed and secondary 
5 products. The decobalting method is employed prior to 
further treatment of the oxo product mixture. 

Preferably, at least one of the cobalt-containing 
syn gas and the cobalt-containing aqueous and organic 
liquid phases obtained is treated to remove volatile 

10 cobalt compounds therefrom. In one particularly 

advantageous form of the invention the crude oxo product 
is treated in a stripping step in which it is contacted 
with a stream of stripping gas in the presence of an 
aqueous phase of pH not greater than 7, to entrain 

15 volatile cobalt compounds in said stripping gas and to 
form an aqueous phase containing cobalt values. The 
aqueous phase so obtained is then contacted in a further 
step (hereinafter referred to as the "preforming step") 
with a solid catalyst in the presence of an organic 

20 liquid phase and syn gas, as will be described in more 
detail below. Advantageously, after the preforming 
step, the cobalt-containing aqueous and organic liquid 
phases and the cobalt-containing syn gas are treated to 
remove volatile cobalt compounds therefrom, the treatment 

25 preferably comprising recycling one or more of that gas 
and those phases to the said stripping step. The 
cobalt-containing aqueous and organic liquid phases and 
the cobalt-containing syn gas obtained 
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in the preforming step are advantageously combined with 
fresh crude hydrof ormylation product and fed therewith to 
the stripping step. Cobalt values that have been con- 
verted to volatile cobalt carbonyls in the preforming 
5 step may then be entrained in the stripping gas and 
returned to the oxo reactor while unconverted cobalt 
values are once again removed with the aqueous phase for 
recycling to the preforming step. 



10 preferably used syn gas, the particular proportions of 
the carbon monoxide and hydrogen in the syn gas being 
adjusted to suit the reaction system. The stripping gas 
may, though, be any gas that does not react in undesired 
manner with the cobalt compounds to be entrained therein, 

15 for example, nitrogen or a light saturated hydrocarbon 
such as propane or butane. 

It is preferred in accordance with the invention 
that the volume ratio of stripping gas to crude product 
at the applied conditions is from 20:1 to 250:1, more 

20 preferably 50:1 to 125:1. Higher ratios may be used, 
with good effect, but high ratios may be detrimental to 
the economic basis of the process. The limiting lower 
value of the ratio, it will be appreciated, will be 
reached when there is insufficient stripping gas flow to 

25 achieve the desired degree of cobalt volatiles removal. 
Similarly any flow rate of stripping gas may be used, 
provided that it is sufficient to give the desired 
entrainment of cobalt volatiles. The liquid (organic and 



As the stripping gas in the stripping step there is 
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aqueous) phases are preferably well dispersed to give 
good contact between the liquids. It is preferred , too, 
that the stripper unit in which the stripping step is 
performed should include inert solid surfaces, for 
5 example, trays, to facilitate contact between the liquid 
and gas phases. 

The stripping step is performed in the presence of 
water or an aqueous organic acid, and cobalt salts formed 
are taken up in the aqueous phase. It is therefore 
10 unnecessary to maintain a tight control on the 

temperature and pressure conditions in order to adjust 
the dicobaltoctacarbonyl/hydrocobalt carbonyl 
equilibrium, so as to prevent the cobalt carbonyl 
decomposition that. leads to deposition of solids. 
15 In the case where water (rather than aqueous acid) 

is present in the stripping step, then cobalt may be 
transformed into Co[Co(CO) 4 ] 2 but, because of the 
presence of formic acid, which is formed in the oxo 
reaction and present in the oxo product, the Co[Co(CO) 4 ] 2 
20 is transformed into cobalt formate or hydrocobalt 

carbonyl. Any suitable organic acid may be used, for 
example, acetic acid or formic acid. It is especially 
preferred that the aqueous phase should comprise dilute 
formic acid, for example, at concentrations of from 1 to 
25 5, especially from 1 to 2 wt. %. Prefer vly , the water 
or aqueous acid is present in an amount of from 5 to 15 
wt. % based on the amount of crude product. 

As mentioned above, it is preferred to employ an 
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acidic aqueous phase in the stripping step and reference 
is made to the following reaction equations by way of 
explanation: 

^o(m) 4 < > Co 2 (CO) 8 + H 2 (1) 

5 (a) (b) 

3Co 2 (CO) 8 } 2CO[CO(CO) 4 ] 2 + 8CO (2) 

(c) (d) 
Aq. acid 

Co[Co(CO) 4 ] 2 + 2HCOOH 2Co(CO) 4 ~ + Co 2+ + 2HCOOH (3) 

10 (d) (e) 

Aq. acid ._ 
Co(CO) 4 + H » HCo(CO) 4 + OH (4) 

15 Equilibrium (1) exists in the organic liquid phase, and 

in use of the method (a) is removed by the stripping gas. 
Some (b) is also present and under the temperature and 
pressure conditions employed reacts according to reaction 
(2) to give (c) which is preferentially extracted into 

20 the aqueous phase. In a neutral environment (c) remains 
in the aqueous phase. In an aqueous acidic environment, 
however (described here with reference to formic acid) , 
equilibrium schemes (3) and (4) apply. Thus the acid 
proton combines with (d) to form the more volatile (a) in 

25 the aqueous phase, and (a) is removed by means of the 

stripping gas directly from the aqueous phase or follow- 
ing its extraction into the organic liquid phase. The 

2+ 

acid anion (formate) functions to solubilise the Co 
cation (e) in the aqueous phase as cobalt formate 
30 solution. Thus the concentration of hydrocobalt carbonyl 
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present in the aqueous phase (as hydrocobalt carbonyl (a) 
per se or as its anion (d)) is reduced in an advantageous 
manner when the aqueous phase is acidic; the amount of 
volatile cobalt remaining in the aqueous phase (and in 
5 the organic liquid phase) is decreased to minimal 

amounts. It is particularly preferred to use aqueous 
formic acid as the aqueous phase required to be present 
in the stripping step, as formic acid is one of the 
organic compounds produced in the hydrof ormylation 

10 reaction and its associated secondary reactions to which 
this invention primarily relates. 

The stripping step may be carried out at relatively 
low pressures, and preferably the method is conducted at 
pressures lower than the pressure at which, under the 

15 temperature conditions employed, the cobalt compounds 

present in the crude oxo reaction product will decompose. 
More preferably the pressure is below 20 atmospheres (2 
x 10 6 Pa), most preferably below 10 atmospheres (10 6 Pa), 
especially for example a pressure below 7 atmospheres 

20 such as from 1 to 5 atmospheres (10 5 to 5 x 10 5 Pa). The 
temperature employed is preferably no more than 120 °C, 
more preferably from 90 to 100° C. The optimum tempera- 
ture will depend on the pressure employed. 



25 95 °C and about 1 atmosphere gauge (10 5 Pa gauge) 

pressure, using syn gas as the stripping gas, in a 
volume ratio of about 100:1 at the stripping conditions 
compared with the total liquid flow. 



For example , stripping may be performed at about 



# • 

WO 93/24436 PCT/EP93/01209 

12 

Volatile cobalt compounds entrained in the stripping 
gas are advantageously utilised in the hydroformylation 
reaction. Preferably, after it has been contacted with 
the crude product, the stripping gas is contacted with 
5 olefin to be fed to the oxo reactor, the stripping gas 
advantageously being passed in countercurrent to the 
olefinic feed. The volatile cobalt compounds entrained 
in the stripping gas dissolve in the olefinic feed and 
are thus returned to the oxo reaction zone. The treated 

10 stripping gas may then either be purged or recycled for 
further contact with the crude product. It will be 
appreciated therefore that syn gas is the preferred 
stripping gas because its subsequent recycle contact with 
the olefinic feedstock will not cause the introduction of 

15 undesirable materials into the oxo reactor. Under the 
conditions employed, substantially no water will be 
carried over by the stripping gas (syn gas) and intro- 
duced into the olefinic feed. If necessary the cobalt- 
containing stripping gas may be cooled prior to contact 

20 with the olefinic feed, and condensed water refluxed into 
the stripper. 

Introduction of, for example, 5 to 15 wt. % water or 
dilute organic acid, preferably formic acid, into the 
crude oxo product results in some 66 to 90% of the cobalt 
25 being removed in the stripping gas with substantially all 
the balance of 34 to 10% of cobalt being separated from 
the oxo product in the stripper as cobalt salt, prefer- 
ably formate, in aqueous solution, which aqueous solution 
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may be treated in accordance with the invention and 
recycled to the stripping step. Residual cobalt in the 
treated oxo product may be removed by any suitable 
method, for example, by means of a wash tower as 
5 described in US Patent No. 4625067, the cobalt material 
being recycled to the stripping step in the aqueous 
effluent from the wash tower. 

After contacting the crude oxo product with the 
stripping gas and the wate yr aqueous acid, the aqueous 
10 phase is separated from the treated oxo product. 

Preferably, the aqueous phase so obtained, which may 
especially advantageously have been obtained using the 
stripping step described above, is concentrated before 
being passed to the reactor (preformer) containing the 
15 solid catalyst. The aqueous concentrate advantageously 
contains the maximum possible amount of solubilised 
cobalt for the particular operating temperature. If 
formic acid has been employed in the stripping step, the 
aqueous phase is preferably concentrated to give a cobalt 
20 concentration of froir 0.5 to 2 wt %, based on the total 
concentrate, expressed as elementary cobalt. Advan- 
tageously, the concentration of free formic acid in the 
concentrate is from 2 to 8 wt % based on the total 
concentrate . 

25 The concentrate may be produced by flashing the 

aqueous phase in an evaporator or by using any other 
convenient means, for example, a membrane, to yield the 
concentrate, for exampl . , a cobalt formate/formic acid 
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aqueous solution, and an aqueous effluent. It is 
especially advantageous for the aqueous effluent to be 
recycled to the stripping step to form a part of the 
aqueous phase with which the oxo product is contacted, 
5 the effluent preferably being passed to the stripping 
step via a wash tower as described in US Patent No. 
4625067. Preferably, the water stream fed to the wash 
tower is exclusively aqueous effluent from the evapor- 
ator. If desired, fresh water make-up, for example, in 

10 an amount of 1 to 3% by volume, based on the oxo product, 
may be added to the aqueous effluent from the evaporator 
that is fed to the wash tower. In that manner, wat ^from 
the evaporator may be retained within a substantially 
closed cycle, it being possible substantially to avoid 

15 the need to purge water from the evaporator. If it is 
necessary, for example, in order to remove undesired 
impurities, some aqueous effluent from the evaporator may 
be purged from the system. 



20 stripping step an aqueous formic acid solution, although 
other acids, for example acetic acid, may be used. For 
ease of explanation, it is assumed in the following 
explanation of the preforming step that formic acid is 
used in the stripping step. 

25 The cobalt values contained in the aqueous phase 

obtained from the stripping step will be primarily in the 
form of cobalt formate, which, in the presence of a 
noble metal catalyst, for example, palladium, and syn gas 



As already mentioned it is preferred to use in the 
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is converted to Co[Co(CO) 4 ] 2 in accordance with the 
following reaction: 



3Co(COOH) 2 + 3H 2 + 8CO ^ a > Co [ Co ( CO) 4 ] 2 + 6HCOOH (5) 



Hydrocobalt carbonyl is liberated from the 
5 Co[Co(CO) ] by the following reaction, formation of the 
hydrocobalt carbonyl being enhanced by the presence of 
free formic acid, which is produced as a by-product in 
the hydrof ormylation process as well as in the conversion 
of cobalt formate to Co[Co(CO) 4 ] 2 , and will normally be 

10 present in the aqueous phase: 

Co[Co(CO) 4 ] 2 + 2HCOOH 2HCo(C0) 4 + Co(COOH) 2 (6) 

Hydrocobalt carbonyl is relatively insoluble in 
water (maximum solubility at 20 °C 3000 ppm, expressed as 
elemental cobalt) . It is believed that as the con- 

15 centration of the hydrocobalt carbonyl in the aqueous 
phase approaches a concentration corresponding to the 
said maximum solubility, the carbonyl separates from the 
aqueous phase and is extracted into the organic liquid 
phase. Some of the hydrocobalt carbonyl becomes 

20 entrained in the syn gas. Further hydrocobalt carbonyl 
may be transformed in accordance with equilibrium (1) 
above into dicobaltoctacarbonyl , which is extracted into 
the organic liquid phase. In the absence of an organic 
liquid phase, the dicobaltoctacarbonyl would precipitate 

25 onto the catalyst causing deactivation thereof. Some of 
the dicobaltoctacarbonyl formed is transformed in 
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accordance with equilibrium (2) above to form 
Co[Co(CO) 4 ] 2 , which is taken up in the aqueous phase. In 
consequence of equilibrium (2) it will be impossible for 
the preforming system to achieve full conversion of 
5 cobalt ions to cobalt carbonyl in a single extraction 
step. 

As solid catalyst for promotion of the formation of 
cobalt carbonyl compounds there may be used, for example, 
any metals of Group IB or Group VIII of the Periodic 

10 Table of the elements, for example, palladium, platinum 
or gold, the metals being present in elementary form or 
in an oxidation state greater than zero. The catalyst 
material may be provided on a solid support, for example, 
on carbon or alumina. Palladium and palladium compounds 

15 are preferred as the metal catalyst. Advantageously 
palladium supported on carbon (Pd/C) is used. 



be any organic solvent that is substantially immiscible 
with water and that when introduced with oxo product to 

20 the stripping step does not interfere with the subsequent 
recovery of the products of the oxo process. The organic 
solvent may advantageously be olefin, decobalted crude 
oxo product (that is, the product obtained after 
treatment of crude oxo product to remove catalytic 

25 residues but without hydrogenation or distillation of the 
organic material) hydrogenated oxo product, oxo alcohols, 
light oxo fraction or heavy oxo fraction. As olefin 
there may be used any olefin or mixture of olefins that 



The organic solvent used in the preforming step may 
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is liquid under the conditions obtaining in the pre- 
former. Advantageously, the feed olefin to be used in 
the oxo reaction is used as the organic solvent* 
Preferably , however, decobalted crude oxo product or a 
5 distillation product derived from crude oxo product is 

used as the organic solvent* A hydrogenated oxo product, 
for example, a hydrogenated isodecyl oxo product contain- 
ing a mixture of decanols may be used. 

The ratio of organic liquid phase to aqueous phase 
10 in the preforming step may be from 0.2:1 to 5:1 V/V and 
may, for example, be 1:1 V/V. The amount of syn gas is 
preferably so selected that both hydrogen and carbon 
monoxide are present in a stoichiometric excess of at 
least 20% over the total cobalt in the preformer feed. 
15 The molar ratio of hydrogen to carbon monoxide may be 
from 0.5:1 to 2:1. 

Advantageously, the aqueous phase obtained from the 
stripping step is combined with the organic solvent and 
the combined aqueous and organic liquid phases obtained 
20 are passed to a two- liquid-phase plug flow reactor having 
one or more fixed beds of Pd/C, to which syn gas is also 
fed. The reactor comprises means for effecting mixing of 
the two liquid phases and the gas phase so that the two 
liquid phases are well dispersed and the interface 
25 between the liquid phases and the gas phase is suffi- 
ciently large that the mass transfer of material from the 
liquid phases to the gas phase is not limited by the size 
of the said interface. The temperature in the reactor is 
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preferably from 50 to 175*C, more preferably from 120 to 
140 °C. The pressure in the reactor may be from 100 to 
300 atm g (1 x 10 7 to 3 x 10 7 Pa g) , and is preferably 
from 250 to 300 atm g (2.5 x 10 7 to 3 x 10 7 Pa g) . 
5 Because the preferred preforming cycle described 

above allows essentially all the water to be in a closed 
loop, the waste water from the evaporator being recycled, 
preferably via a wash tower, to the stripping step, the 
need to dispose of waste water can be substantially 

10 avoided* Thus, the method of the invention enables 

environmentally clean cobalt recovery to be attained. 

Further, because the invention provides an internal 
closed loop for any cobalt formate in the aqueous phase 
that remains unreacted in the preformer, it is not 

15 important for complete preforming conversion to be 

obtained. Cobalt values that have not been preformed 
(that is, converted to cobalt in an active form) are 
carried in the aqueous phase and recycled via the 
stripper and the evaporator to the preformer. It is 

20 therefore unnecessary to use a complex preformer that is 
capable of achieving complete conversion; for example, a 
two-liquid-phase concurrent plug flow preformer can be 
used. A countercurrent preformer with fixed catalyst bed 
could be used, if desired. 

25 Also, the process may be operated without the 

addition of chemical reactants, other than the reactants 
for use in the oxo process, because formic acid, which 
promotes the conversion of Co[Co(CO) ] to hydrocobalt 
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carbonyl, is produced in the oxo reaction. Thus, after 
an initial introduction of formic acid, it is possible to 
make the system substantially closed with regard to 
formic acid. 



phase concurrent plug flow preformer, an overall cobalt 
recovery of about 58%, based on the cobalt entering the 
preformer, may be achieved, with approximately 78% of 
cobalt values being converted in the preformer to 

10 volatile cobalt carbonyls and about 76% of that preformed 
cobalt being taken up by the stripping gas in the 
stripping step. Significantly more efficient recovery may 
be obtainable by using, for example, a countercurrent 
preformer with a fixed catalyst bed at high pressure. 

15 Any cobalt loss may be made up by introducing 

cobalt, for example, in the form of cobalt soap, into the 
preformer with the organic phase or in the form of an 
organic cobalt salt, for example, cobalt formate, in 
aqueous solution. 

20 The invention further provides an oxo apparatus 

comprising 

an oxo reactor; 

a stripping means arranged for receiving crude oxo 
product from the reactor and comprising means for 
25 effecting contact between the said oxo product and syn 
gas in the presence of water or aqueous acid and means 
for separating the aqueous phase from the oxo product and 
syn gas; 



Using a simple preformer, for example, a two-liquid- 
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a prefonner arranged for receiving the aqueous phase 
from the stripping means, the said preformer having means 
for containing a solid catalyst and having inlet means 
for the aqueous phase, for an organic liquid phase and 
5 for a gas, the preformer further comprising means for 
effecting contact between the liquid phases and the 
solid catalyst, and means for effecting contact between 
the aqueous phase and the organic liquid phase and the 
gas; and recycling means for recycling to the stripping 
10 means effluent from the preformer comprising one or more 
of the organic liquid phase, the aqueous phase and the 
gas. 

Moreover, the invention provides the use of a two- 
liquid-phase catalytic preformer for improving the 
15 efficiency of recovery of cobalt values, the preformer 

containing a solid catalyst that is suitable for catalys- 
ing carbonylation of cobalt cations. 

One method of cobalt recovery in accordance with the 
invention will now be described in greater detail by way 
20 of example only with reference to the accompanying 
drawings of which: 

Figure 1 is a flow diagram of a hydrof ormylation 
reaction system; 

Figure 2 is a bar graph illustrating catalytic 
25 cobalt conversion in a one-liquid-phase system; and 
Figure 3 is a bar graph illustrating catalytic 
cobalt conversion in a two-liquid-phase system. 

Fig. 4A is a bar graph showing cobalt distribution 



WO 93/24436 PCT/EP93/01209 

21 

after cooling and reactor discharge in a one-liquid-phase 
system; and 

Fig. 4B is a bar graph showing cobalt distribution 
after cooling and reactor discharge in a two- liquid-phase 
5 system. 

Referring to Figure 1, feed olefin and syn gas are 
delivered in a desired ratio via lines 1 and 3 respec- 
tively to an oxo-reactor 5, wherein hydrof ormylation is 
conducted under conventional conditions to yield a crude 
10 hydrof ormylation product containing aldehydes, alcohols, 
by-products and cobalt catalyst compounds. The crude 
product is carried via line 7 to a stripper unit 9. 
Also introduced into the stripper unit 9 are water from a 
wash tower 11 via line 13 and stripper gas via line 15. 

15 The stripper gas may be for example syn gas or nitrogen. 
In the stripper unit 9 the stripper gas contacts the 
crude hydrof ormylation product and entrains much of the 
volatile cobalt carbonyl compounds contained therein, 
carrying off the entrained material via line 17 to an 

20 absorber unit 19. In the absorber unit 19, the cobalt- 
containing stripper gas is run in countercurrent to a 
supply of feed olefin delivered from line 21 and, by 
virtue of its good solubility in the organic liquid 
phase, the volatile cobalt becomes absorbed in the olefin 

25 and carried via line 1 to the oxo reactor. The feed 
introduced into the reactor thus contains cobalt, 
effecting recycle of at least part of the cobalt used in 
the hydrof ormylation reaction. The stripping gas 




WO 93/24436 



PCT/EP93/01209 



22 



leaving the absorber 19 may be purged via line 23 or 
recycled to the stripper unit 9 via line 15. By virtue 
of the water introduced into the stripper unit via line 
13, stripping is conducted in the presence of an aqueous 
5 phase, into which dissolves the water-soluble cobalt 

species not entrained by the stripping gas. Such aqueous 
phase is removed from the stripper 9 via line 25, into 
which air is optionally injected to oxidise any volatile 
cobalt carbonyls contained therein. The cobalt-contain- 

10 ing aqueous phase is subjected to concentration in a 
flash unit 27, with water being removed overhead and 
recycled to the stripper unit 9 via the lines 29 and 35, 
wash tower 11 and line 13. Optionally, from 1 to 3% by 
volume based on the oxo product of fresh water make-up 

15 can be added from line 37. If any water is not recycled 
from flash unit 27 to the stripper unit 9, it may be 
purged from the system via line 41. Concentrated aqueous 
phase is removed from the flash unit via line 2. 



20 its cobalt content removed in the stripper unit 9, is 

carried therefrom via line 33 to the wash tower 11, where 
water introduced via line 35 (which is recycled clean 
flash unit water from line 29 optionally including some 
make-up water introduced through line 37) is used in a 

25 conventional washing step for finally removing the 

remaining cobalt catalyst content of the oxo product. 
In the embodiment shown, such wash water is returned to 
the stripper via line 13. The thus decobalted oxo 



The crude oxo product, having had substantially all 



# 
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product is carried via line 39 to further process stages 
such as hydrogenation and distillation. 



tion, even if pure water is employed initially, the 
5 closed system described soon stabilises into a closed 
formic acid system , with the advantages described 
hereinbefore. Optionally, formic acid may be introduced 
into the system initially at any convenient point. 



10 unit 27 is delivered via line 2 to a cobalt catalyst 

preformer unit 4. The preformer unit 4 contains a noble 
metal catalyst and may be, for example, in the form of a 
tubular reactor having a fixed bed containing Pd/C. An 
organic phase, for example, feed olefin, oxo product, 

15 alcohol, light oxo fraction or heavy oxo fraction, is 
delivered to the preformer unit 4 via line 40. If 
necessary, a supply of cobalt make-up, for example, in 
the form of a solution of cobalt soap in a higher alcohol 
or of an organic cobalt salt in water is delivered to the 

20 preformer unit 4 via line 6. Syn gas is fed to the 
preformer unit 4 via line 10. 

In the preformer unit 4 the gas phase, the organic 
liquid phase and the aqueous phase are preferably well 
mixed to give good contact between the liquids them- 

25 selves, between the liquids and the gas phase, and 

between the liquid phases and the catalyst. Volatile 
cobalt carbonyls become entrained in the syn gas, and 
some cobalt dissolves in the organic liquid phase, 



Because formic acid is produced during the oxo reac- 



The concentrated aqueous phase leaving the flash 
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leaving a proportion of the cobalt dissolved in the 
aqueous phase. Both liquid phases and the syn gas are 
delivered via the line 8 to the stripper 9 where cobalt 
values that have been converted to volatile cobalt 
5 carbonyls are removed by the stripping gas via line 17 

and unconverted cobalt values are taken up in the aqueous 
phase and thus recycled to preformer unit 4 via flash 
unit 27 . 

If desired , instead of feeding both liquid phases 
10 and the gas phase to the stripper unit 9, the organic 

liquid phase may be separated from the aqueous phase and 
the gas phase and fed direct to the oxo reactor, only the 
aqueous phase and the gas phase being fed to the stripper 
unit 9; a separator in line 17 and a further line for 
15 feeding the organic liquid phase to the oxo reactor 

(neither of which is shown in Fig. 1) are then provided. 

The following Examples illustrate the invention: 
Example 1 

An aqueous phase containing 1.02 wt % cobalt and 
20 isodecanol was continuously fed to a preformer unit. Syn 
gas, consisting of hydrogen and carbon monoxide in a 
molar ratio of 1.3:1, was also continuously introduced 
into the preformer at a flow rate of 1.1 1/h, measured 
under the preformer conditions. The preformer unit 
25 contained three continuously stirred tank reactors 
arranged in series, each having a catalyst basket 
containing 130 ml of Pd/C. Such an arrangement permits a 
level of conversion to be obtained on a laboratory scale 
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that is similar to that obtained on a production scale 
using a single tubular plug flow reactor. The ratio of 
aqueous phase to alcohol phase was 0.88:1 V/V. The flow 
of the combined aqueous and organic liquid phases was 
5 such that the volume of liquid per hour /total volume of 
catalyst was 2.4 h" 1 . The temperature in the preformer 
was 120 °C and the pressure was 300 bar g (300 x 10 5 Pa 
gauge ) . 

Effluent comprising aqueous phase , alcohol phase and 
10 syn gas was withdrawn from the preformer unit and deli- 
vered to a stripper tower. The cobalt content of the 
aqueous feed to the preformer unit and of the effluent 
from the preformer unit was ascertained. The pressure 
within the stripper tower was 2.3 bar g (2.3 x 10 5 Pa 
15 gauge) and the flow rate of the stripping gas was 
maintained at 116 1/h measured at the stripping 
conditions. The liquid flow rate (combined aqueous and 
alcohol phases) was 0.916 1/h. The ratio of stripping 
gas to liquid phase was 127:1 V/V at the applied condi- 
20 tions and the ratio of aqueous to alcohol phase was 
0.88:1 V/V. 

The alcohol phase and aqueous phase leaving the 
bottom of the stripper were separated and the cobalt 
content of the aqueous phase ascertained. The aqueous 
25 phase was recycled to the preformer , after being combined 
with fresh isodecanol. The preforming operation was run 
continuously for 58.1 hours. 

Table la illustrates the transfer of cobalt from the 
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aqueous phase fed to the preformer to the organic phase. 
Table la 

Total water phase fed to 

preformer : 25161 g 

Total alcohol phase fed 

to preformer : 23904 g (= 28628 cirr 5 ) 

Total cobalt in water 

feed : 257 g 

Free water phase at outlet 

of preformer : 24563 g 

Free alcohol phase at outlet 

of preformer : 24502 g 

Average Co 2+ in water 

after preformer : 0.2407 wt% Co = 59.12g Co (1) 

Average preformed cobalt* in water 

after preformer : 0.3554 wt% Co = 87.30g Co (2) 

Average preformed cobalt* in alcohol 

after preformer : 0.3620 wt% Co = 88.7 g Co (3) . 

* "preformed cobalt" refers to the total combined 
amounts of hydrocobalt carbonyl , dicobaltoctacarbonyl 
and Co (CO) 4 " anion. 

(1) + (2) + (3) =91.6% balance excluding cobalt in gas 
phase. (The balance of the cobalt (21.88g) is assumed to 
be in the syn gas.) 

By adding together the quantities of cobalt in the 
alcohol phase and in the gas phase, together with the 
preformed cobalt in the aqueous phase (198 g) it can be 
calculated that 77% of cobalt formate in the aqueous feed 
had been converted to cobalt carbonyl s and that the 
proportion of preformed cobalt extracted by the alcohol 
phase was 45% . 

Table lb gives the overall cobalt balances of the 
combined preforming and stripping steps. 
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g Cobalt 
g Cobalt 
g Cobalt 

g Cobalt (2+) 

g = 99.2% 

Based on the amount of preformed cobalt (198 g) 
present in the feed to the stripper tower, the stripper 
tower gives a cobalt recovery (that is cobalt recovered 
in stripping gas) of 76%. 

From the preforming conversion of 77% and the 
stripper recovery of 76% f an overall preforming/stripping 
conversion of 58.5% results. 
Example 2 

The effectiveness of palladium-catalysed conversion 
of cobalt values in a two-liquid-phase system was 
compared with conversion in a single-liquid-phase aqueous 
system. 

(a) One-liquid-phase system 

2.45 kg of cobalt-containing aqueous phase 
obtained from a stripping tower of the type described 
above with reference to Figure 1 was contacted in an 
autoclave with 180g catalyst (0.8% palladium on carbon) 
in the presence of syn gas (H 2 /CO = 1.3 : 1) at 120°C and 
a pressure of 300 atmospheres (about 3 x 10 7 Pa). The 
aqueous phase had a pH of 2.7 due to the presence of 3% 
free formic acid in the water. The cobalt content of 
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Table lb 

Cobalt fed to preformer : 257 

Preformed cobalt leaving preformer : 198 
Cobalt recovered in stripping gas : 150 



Cobalt in bottom (aqueous) stream : 105 

from stripper 

Balance : 255 
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the aqueous phase was analysed at intervals over a 
period of 90 minutes , at which time the amount of cobalt 
in the aqueous phase was found to have dropped by about 
30%. Figure 2 shows the Co 2+ and preformed cobalt of 
the samples taken* The upper cross-hatched areas 
represent the cobalt removed in sampling. 

After cooling and reactor discharge, the catalyst 
was washed with acetone to recover the missing cobalt, 
and the amounts of cobalt in the aqueous and organic 
liquid phases, in the gas phase, and in the catalyst were 
determined, the cobalt distribution as determined being 
shown in Fig. 4A. Most of the cobalt retained in the 
catalyst during the reaction was in the form of water- 
insoluble crystalline precipitate. 

(b) Two-liquid-phase system 

1.01 kg of cobalt-containing aqueous phase of 
the same composition as that used in Example 2(a) were 
contacted with 85 g catalyst (0.8% palladium on carbon) 
in the presence of 0.85 kg isodecyl oxo product and syn 
gas (H 2 /CO =1.3 : 1) at a temperature of 120 Q C and 
pressure of 300 atmospheres (about 3 x 10 7 Pa), (the term 
"isodecyl" being used herein to refer to a C-10 product 
of the oxo reaction, which product, it will be appre- 
ciated, will normally consist of a mixture of C-10 
isomeric aldehydes and alcohols.) The cobalt content of 
the aqueous phase was analysed at intervals over a period 
of 90 minutes. The measured Co 2+ and preformed cobalt 
contents of the aqueous phase and cobalt content of the 
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organic phase are shown in Figure 3, in which the upper 
cross-hatched areas represent cobalt removed in sampling. 
After cooling and reactor discharge, the catalyst was 
washed with acetone to remove cobalt remaining therein, 
and the amounts of cobalt in the aqueous phase, the gas 
phase and in the catalyst were determined; the cobalt 
distribution is shown in Fig. 4B. In this case, it was 
found that only 3% of the cobalt had remained in the 
catalyst, a proportion of that cobalt being contained in 
liquid reactants retained in the catalyst. 

From a comparison of Figures 2 and 3 and of Figures 
4A and 4B it may be seen that the amount of cobalt lost 
is considerably greater in the one-liquid-phase system 
than in the two-liquid-phase system. The crystalline 
precipitate formed in the one-liquid-phase system would 
eventually lead to plugging of the reactor and 
deactivation of the catalyst, with substantial loss of 
cobalt, thus making commercial use of such a single-phase 
system impracticable. 
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Claims 

1. A method of recovery of cobalt values from a cobalt- 
containing aqueous phase , comprising contacting the 
aqueous phase, in the presence of syn gas, with a solid 

5 catalyst that is suitable for catalysing carbonylation of 
cobalt ions and with an organic solvent for hydrocobalt 
carbonyl and dicobalt octacarbonyl , the said solvent 
being substantially immiscible with water and being 
present in an amount of not less than 20% by volume, 
10 based on the combined volume of the solvent and the 

aqueous phase to be contacted with the solid catalyst, 
and recovering from the aqueous phase and organic liquid 
phase so obtained volatile cobalt carbonyl compounds. 

2. A method as claimed in claim 1, wherein the aqueous 
15 phase and the organic liquid phase are subsequently 

treated in a stripping step in which the said phases are 
contacted with a stripping gas, volatile cobalt compounds 
being entrained in the stripping gas. 

3. A method as claimed in claim 2, wherein the aqueous 
20 phase and the organic liquid phase are combined with oxo 

product from an oxo reactor before they are contacted 
with the stripping gas. 

4 . A method for recovery of cobalt values from the 
crude product of a cobalt-catalysed oxo reaction, the 

25 crude oxo product containing cobalt compounds in addition 
to an organic oxo product, the method comprising 
treating the crude oxo product to remove 
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volatile cobalt compounds; 



contacting the crude oxo product with an 



aqueous phase of pH not greater than 7 to form an aqueous 
phase containing cobalt values; and 



the presence of syn gas, with a solid catalyst that is 
suitable for catalysing carbonylation of cobalt ions and 
with an organic solvent for hydrocobalt carbonyl and 
dicobalt octacarbonyl , the said solvent being 
10 substantially immiscible with water, to obtain cobalt- 
containing aqueous and organic liquid phases and a 
cobalt-containing gas phase. 

5. A method as claimed in claim 4, wherein at least one 
of the cobalt-containing aqueous and organic liquid 

15 phases and the cobalt-containing syn gas obtained is 
treated to remove volatile cobalt compounds therefrom. 

6. A method as claimed in claim 4 or claim 5, wherein 
the crude oxo product is treated in a stripping step in 
which it is contacted with a stream of stripping gas in 

20 the presence of an aqueous phase of pH not greater than 7 
to entrain volatile cobalt compounds in said stripping 
gas and to form an aqueous phase containing cobalt 
values . 

7. A method as claimed in claim 6, wherein at least one 
25 of the cobalt-containing syn gas and the cobalt-contain- 
ing aqueous and organic liquid phases is treated to 
remove volatile cobalt compounds therefrom, the said 
treatment comprising recycling one or more of that gas 



contacting the aqueous phase so obtained, in 
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and those phases to the stripping step. 

8. A method as claimed in claim 6 or claim 7, wherein 
the stripping gas is syn gas. 

9. A method as claimed in any one of claims 6 to 8, 

5 wherein cobalt compounds that are removed from the oxo 
product by the stripping gas are recycled to the oxo 
reaction. 

10. A method as claimed in claim 9, wherein , after 
contacting the crude product , the stripping gas is 

10 contacted with olefin feed for the oxo reactor, cobalt 
values in the said stripping gas becoming entrained in 
the olefin feed. 

11. A method as claimed in any of claims 6 to 10, 
wherein, after contacting the solid catalyst, the 

15 cobalt-containing aqueous and organic liquid phases and 

the cobalt-containing syn gas are combined with crude oxo 
product and fed to the stripping step. 

12. A method as claimed in any one of claims 4 to 11, 
wherein the aqueous phase is concentrated to a cobalt 

20 concentration of at least 0.5 wt % cobalt (calculated as 
metal) before it is contacted with the solid catalyst. 

13. A method as claimed in claim 12, wherein at least a 
part of the aqueous effluent from the concentration step 
is recycled to form a part of the aqueous phase of pH not 

25 greater than 7 that is contacted with crude oxo product. 

14. A method as claimed in claim 13, in which before the 
said aqueous effluent is contacted with the crude oxo 
product it is used as wash water in a washing step in 
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which residual cobalt is removed from the oxo product 
after that has been treated to remove volatile compounds 
and contacted with an aqueous phase of pH not greater 
than 7. 

5 15. A method as claimed in any one of claims 4 to 14, 
wherein the water used in the method is contained in a 
substantially closed loop, substantially no waste water 
being generated. 

16. A method according to any one of claims 4 to 15, 

10 wherein the solvent for hydrocobalt carbonyl and dicobalt 
octacarbonyl is selected from decobalted crude oxo 
product, hydrogenated oxo product, oxo alcohols, light 
oxo fraction, heavy oxo fraction and olefins. 

17. A method as claimed in any one of claims 4 to 16, 
15 wherein the solid catalyst is a noble metal catalyst. 

18. A method as claimed in claim 17, wherein palladium, 
platinum or gold or a compound of one of those metals is 
used as the noble metal catalyst. 

19. A method for recovery of cobalt values from the 
20 crude product of a cobalt catalysed oxo reaction, 

substantially as described herein with reference to 
Figure 1 of the drawings. 

20. A method for recovery of cobalt values from the 
crude product of a cobalt catalysed oxo reaction, 

25 substantially as described in Example 1 herein. 

21. An apparatus comprising 
an oxo reactor; 

a stripping means arranged for receiving crude oxo 
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product from the reactor and comprising means for 
effecting contact between the said oxo product and syn 
gas in the presence of water or aqueous acid and means 
for separating the aqueous phase from the oxo product and 
5 syn gas; 

a preformer arranged for receiving separated aqueous 
phase from the stripping means, the said preformer having 
means for containing a solid catalyst and having inlet 
means for the separated aqueous phase, for an organic 

10 liquid phase and for a gas, the preformer further 
comprising means for effecting contact between the 
liquid phases and the solid catalyst, and means for 
effecting contact between the aqueous phase and the 
organic liquid phase and the gas; and 

15 recycling means for recycling to the stripping means 

effluent from the preformer comprising one or more of the 
organic liquid phase, the aqueous phase and the gas. 

22. An oxo apparatus including a cobalt recovery system 
substantially as described with reference to Figure 1 of 

20 the drawings herein* 

23. The use of a two-liquid-phase catalytic preformer 
for improving the efficiency of recovery of cobalt 
values. 
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NL-A- 


8004184 


22-01-81 


DE-A- 


2332638 


23-01-75 


AT-B- 


338214 


10-08-77 


BE-A- 


816845 


27-12-74 


CA-A- 


1025426 


31-01-78 


GB-A- 


1469147 


30-03-77 


JP-A- 


50037699 


08-04-75 


NL-A- 


7407923 


31-12-74 


US-A- 


3957684 


18-05-76 
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